Abstract
hydrocarbons, the other site showed a mixed origin of the methane gas (δ¹³C [‰] = -26.6) 27
with geothermal characteristics and lower organic matter content. While both sites 28 harboured Proteobacteria as the most abundant bacterial phyla, the Deltaproteobacteria 29 were more abundant at the geothermal site, and the Alphaproteobacteria at the biogenic 30 site. The Dehalococcoidia class of the Chloroflexi phylum was abundant at the 31 geothermal site while the Anaerolineae class was more abundant at the biogenic site. 32
Introduction
At site SX, where the natural gas seepage pockmarks are somewhat difficult to distinguish from 92 ordinary marsh gas pockmarks, sites were selected where pockmarks were visibly active and appeared 93 to form straight lines extending NW-SE. Temperature, pH and conductivity were measured in-situ 94 during sampling with hand-held meters. Sediment samples were collected from shallow cores 95 obtained using a corer constructed from a 3-cm diameter galvanized-iron pipe that was hammered into 96 the ground using a sledgehammer, and transferred aseptically to sterile, airtight IsoJars (IsoTech 97 laboratories, Champaign, Illinois), according to manufacturer´s protocol. Surface soil samples were 98 collected aseptically directly into sterile IsoJars. Water samples were collected aseptically into sterile 99 glass bottles. Gas samples were collected into evacuated double-port glass bottles by means of an 100 inverted nylon funnel connected to silicone rubber tubing. All samples for microbial analysis were 101 immediately put on dry ice where they were kept during transport to laboratory facilities at University 102 of Akureyri where they were either processed immediately or stored in a freezer at -18°C until 103 processing. Samples collected, along with in-situ measurements and types of sample are listed in 104 Sample preparation and extraction. Sediment samples were washed in water to remove mud 125 before extraction using a Soxtec Tecator instrument. Thimbles were pre-extracted in dichloromethane 126 with 7% (vol/vol) methanol, 10 min boiling and 20 min rinsing. The crushed sample was weighed 127 accurately in the pre-extracted thimbles and boiled for 1 hour and rinsed for 2 hours in 80 cc of 128 dichloromethane with 7% (vol/vol) methanol. Copper blades activated in concentrated hydrochloric 129 acid were added to the extraction cups to cause free sulphur to react with the copper. An aliquot of 130
Carbon isotope analysis of low concentration methane using the Precon. The carbon isotopic 147 composition of methane was determined by a Precon-IRMS system. Aliquots were sampled with a 148
GCPal autosampler. CO2, CO and water were removed on chemical traps. Other hydrocarbons than 149 CH4 and remaining traces of CO2 were removed by cryotrapping. The methane was burnt to CO2 and 150 water in a 1000 °C furnace over Cu/Ni/Pt. The water was removed by Nafion membrane separation. 151
The sample preparation system described (Precon) was connected to a Delta plus XP IRMS for δ Netherlands, four replicates from AEX1 and four from SX1. The data was processed and analysed 164 using CLC Genomics Workbench 10.1.1 (https://www.qiagen bioinformatics.com/) and the CLC 165 Microbial Genomics Module 2.5.1, with default parameters. Operational taxonomic units (OTU) were 166 clustered by reference based OTU clustering using default parameters in the Microbial Genomics 167
Midule and tree alignment was performed by using the GreenGenes v.15.5 database for 97% 168 similarity. For statistical analysis only alpha-diversity of samples was performed since the sequencing 169 data only contained technical replicates, which does not allow analyses of beta-diversity. Differential 170 abundance analysis (Likelihood Ratio test) was performed to see statistically significant differences in 171 taxa between sampling sites. 172
Samples were serially diluted to 10 -6 in sterile Butterfield's buffer and all dilutions plated in duplicate 175 onto Reasoner's agar 2A (Difco) and several selective and differential media including medium 9K for 176 iron oxidizers (21), Mn medium for manganese oxidizers (990 mL basal agar B [0.42 g NaOAc, 0.1 g 177 peptone, 0.1 g yeast extract, 15 agar, 990 mL sample water, autoclaved and cooled to 50°C], 10 mL 178 pre-warmed filter-sterilized 1 M HEPES at pH 7.5, 100 µL filter-sterilized 100 mM Mn(II)SO4), Gui 179 medium for laccase producers (990 mL basal agar B, 0,01% guiaicol), Hex medium for hexane 180 degraders (990 mL basal agar B, 1.3 mL filter-sterilized 99 parts hexane/1 part dishwashing 181 detergent), Naph medium for naphthalene degraders (basal agar B with several crystals of naphthalene 182 added to the lid of inverted plates and then sprayed with fast blue for degradation indication), and 2,4-183 D medium for dichlorophenoxyacetate degraders (basal agar B supplemented with 2 mM 2,4-D). 184
Three atmospheric incubation conditions were used: an unmodified atmosphere in sealed plate bags, a 185
propane-enriched aerobic atmosphere in sealed plate bags flushed daily with propane, and an 186 anaerobic, propane-supplemented atmosphere in anaerobic jars scrubbed of oxygen with a palladium 187 catalyst (BBL GasPak) and monitored for anaerobicity with a resazurin strip. The jars were injected 188 with 100 mL propane through a septum. Plates were incubated in the dark at 5, 15, or 22°C until no 189 new colonies appeared (up to 4 weeks). The purified PCR products were sequenced with BigDye terminator kit on Applied Biosystem 213 3130XL DNA analyser (Applied Biosystems, Foster City, California, USA) at Macrogen Europe, 214
Amsterdam, the Netherlands. Two sequencing reactions were run for each strain, using the primers 215 519F (5'-CAGCAGCCGCGGTAATAC-'3) and 926R (5'-CCGTCAATTCCTTTGAG TTT-'3). The 216 resulting sequences were trimmed using ABI Sequence Scanner (Applied Biosystems), the forward 217 sequence and the reverse complement of the reverse sequence aligned and combined, and taxonomic 218 identities obtained using the EzTaxon server (22). 219
Results

220
Water chemical analysis revealed several differences in major components at the two sites (Table  221 2). Although the pH of the water did not differ significantly as judged by a two-tailed Student's t-test, 222 electrical conductivity was nearly 12-fold higher at the AEX site, significant at the 99.5% confidence 223 level. The AEX site water contained more than 420-times as much silica as did the SX site water, and 224 several other ions, such as sodium, potassium chloride and bromide were also found to be present at 225 significantly higher levels at the AEX site, underscoring the more geothermal character of the 226 environment (Table 2) . 227 228 Headspace gas analysis revealed similar amounts of hydrocarbon gas at the two sites (Table 3) . 229
Although methane content was found (n=3) to be lower at the AEX site than at the SX site, the 230 difference was not deemed significant by a two-tailed Student's t-test (not shown). Isotope 231 composition suggests a thermogenic origin of the AEX-site headspace gas, whereas a biogenic origin 232 is suggested for the SX-site headspace gas (Table 3) . Thermogenic origin of the AEX gas was further 233 supported by a high methane/ethane ratio (17.8). Both the composition of the headspace gas and the 234 methane isotope composition were similar to those reported by Ólafsson et al. for borehole gasses in 235 the Skógalón area (18). EOM fractions showed difference in hydrocarbon content in terms of lower-236 chain hydrocarbons in AEX and higher amounts of higher-chain hydrocarbons at the SX site (Fig. 2) . 237 238
Bacterial community results. 239
Four technical replicates from each study site were used to compare the microbial communities in 240 the gas seepage pockmarks of Skógalón (SX) and Skógakíll (AEX). The DNA extraction yielded on 241 average 2.8 g/ml ( 0,3 g/ml) and the amplicon library generated on average 42.8 ng/L ( 1,3 242 ng/L) of amplicons with the length of 5875 bp. Over 4 million paired sequences, were analysed and 243 trimmed to the average of 523,241 reads per sample with the length of 301 bp. A total of 595,137 244 reads generated the OTU table after filtering out chimeric sequences, where predicted OTUs were in 245 total 26,786 OTUs (Table 4) . 246
Alpha diversity metrics were measured at the depth of 60,000 sequences per sample. The number 247 of OTUs had reached plateau at 25,000 sequences, meaning the dataset was sufficient to estimate the 248 diversity of the bacterial communities in the natural seepage pockmarks. The species richness as 249 estimated with Chao1 index and Shannon´s diversity index are shown in Table 4 . 250
251
Taxonomic composition 252
The focus was set on analysing the most abundant taxa, so after filtering out chloroplast OTUs, the 253
OTUs with the lowest combined abundance (<=1000 reads) were omitted. A total of 14 bacterial 254 phyla was observed as the most abundant at AEX and SX sites, divided up to 23 classes and 45observed genera (Fig. 3) . Proteobacteria was the most abundant phylum at both AEX and SX sites, 256 28% and 30%, respectively. At the AEX site, Proteobacteria was followed by Chloroflexi (22%) and 257
Aminicenantes (10%) at phylum level. At the SX site, the Bacteroidetes had significantly higher 258 abundance than in the AEX site, with relative abundance of 24%, followed by Chloroflexi (13%). 259
The bacterial community structure differed between sites, but only one class, within the phylum of 260
Aminicenantes was found by likelihood ratio analysis to be significantly more abundant at the AEX 261 site than at the SX site. An unnamed order within the Bacteriodetes was found to be significantly 262 more abundant at the SX site compared to the AEX. The family of Syntrophaceae within the class of 263
Deltaproteobacteria was more abundant at the SX site with 2.6-fold higher abundance. Three genera 264 within the Clostridia class had over 3.0-fold higher abundance at AEX than SX site. 265
Cultured microbiota and isolates. 266
Plate counts after 7 days at 22°C (Table 5 ) of samples from site SX indicated the presence of 267 substantial communities of naphthalene and hexane degraders, particularly under aerobic conditions. 268
One hundred and eighty-six colonies were restreaked for isolation in pure culture (Table 9 in 269 supplements). 270
Putatively facultative chemoautotrophs were surprisingly numerous judging by growth on Mn 271 media, but the extremely restrictive medium 9K only yielded a few colonies, all from sample OX06. 272
Spraying colonies with fast blue confirmed the presence of alpha-naphthol in some of the colonies on 273 Naph-agar, but not all. Strains OX0102 and OX0103 tested positive for naphthalene degradation by 274 fast blue; strains OX0304 and OX0306 tested positive for 2,4-diphenoxyacetate degradation by fast 275 blue. One hundred and six strains have been identified by partial 16S rDNA sequencing using the 276 Sanger method and found to comprise 38 genera in 8 classes (Table 6, Table 10 in supplements). 277
Discussion
278
The study sites, AEX and SX, were found to be distinct in terms of geochemistry. The AEX site 279 contained higher concentrations of silica, very similar to the concentrations of previous studies onsodium chloride concentration was higher than in previous studies which implies a mixture of 282 seawater with the geothermal water. However, the pockmarks at AEX are located in a river delta and 283 water samples were taken at the pockmark surface so the intermixture of seawater is not surprising. 284
The water chemistry at the SX site shows low concentration of silica indicating little or no geothermal 285 activity and less intermixture of seawater than at AEX. The stable isotope ratio δ¹³C of methane also 286 indicates a biogenic origin of the methane at SX, while at AEX the δ¹³C suggests a mixture of 287 thermogenic and biogenic origin of methane, which can most likely be linked to microbial lignite 288 utilization at the site as well as the geothermal activity previously described (18). The hydrocarbon 289 content also shows more complex and higher chain hydrocarbons at SX. This can be related to more 290 vegetation and organic matter accumulation, in contrast with lower-chain hydrocarbons at the AEX 291 site with less vegetation (Fig.2 ). These geochemical factors underline how disparate the two sites are: 292 the AEX pockmarks containing geothermal groundwater with thermogenic methane generation and 293 the SX pockmarks the result of biogenic natural gas accumulation. The location of the SX site and the 294 lining up of the pockmarks can easily suggest thermogenic methane seepage at the site, but our 295 analysis of the SX-site pockmarks explored in this study is more suggestive of marsh gas seepage, 296 whereas at the AEX site, a thermogenic origin is more strongly supported. The difference in 297 hydrocarbon content of the two sites, is most likely to explain the difference in biodiversity presented 298 with biodiversity indices in Table 4 . Howewer, further studies are needed to demonstrate the 299 correlation between hydrocarbon content and biodiversity. 300
The seepage pockmarks were found to harbour diverse microbiotas consisting largely of anaerobic 301 heterotrophs. Given the lack of visible vegetation at the AEX site, available organic matter seems 302 likely to be restricted to the gas seep itself, to a large extent. This kind of environment thus contains a 303 microbial community composed largely of facultative chemolithotrophs and oxidizers of methane, 304 lighter alkanes, and aromatics. The inter-site diversity of both sampling sites was notable. However, 305 several groups of bacteria were shown to vary in relative abundance between the two sampling sites, 306 as discussed below. 307
The high relative abundance of Dehalococcoidia in the microbial consortia at the study sites, 310 particularly site AEX, is noteworthy and underscores the profound effect that petrochemical seepage 311 has on the composition of the local microbiota. The class Dehalococcoidia contains at the present 312 time only one validly described order (Dehalococcoidales), one family (Dehalococcoidaceae), and 313 three genera (Dehalococcoides, Dehalobium and Dehalogenimonas), comprising a total of four 314 species, all of which are capable of anaerobic reductive dehalogenation (23-27). 315
A large fraction of the dehalococcoidal OTUs in this study were found to be assignable to the 316 order Dehalococcoidales (Table 7) , where the majority (9120 of 9579) being further assignable to the 317 family Dehalococcoidaceae, containing the described, dehalorespiring members of this class. In 318 further support of dehalorespiration being an important process in the seepage pockmark microbiotas, 319 genera known to contain facultative dehalorespirers, like the betaproteobacterial genus 320
Dechloromonas (28) ant the deltaproteobacterial genus Anaeromyxobacter (29), were significantly 321 more abundant at the AEX site. Furthermore, cultured bacteria from the Öxfjörður seeps, while not 322 including Dehalococcoidia, do include isolates assigned to genera known to include aerobic 323 facultative dechlorinators, such as Dechloromonas and Shewanella (Table 7) . 324
The as-yet unnamed and uncharacterized order GIF9 was highly abundant in the AEX and SX 325 microbiomes (Table 7) and may consist of bacteria that posess other metabolic pathways than just 326 organohalide respiration. The order is suggested to be an important bacterial group for the degradation 327 Also among abundant groups observed in the present study, the Atribacteria (group 'OP9') are 342 often found to be predominant in methane-rich anaerobic environments such as marine sediments and 343 subseafloor "mud volcanoes" (43, 44). Although they have not been directly linked to AOM in these 344 environments, they have been suggested to mediate AOM in some cold seep environments (10). In 345 general, the Atribacteria are thought to play heterotrophic roles, likely fermentative (43, 45), but a 346 single-cell genomics studies on representative Atribacteria suggests that these organisms may be 347 indirectly responsible for methane production through the production of acetate or CO2 (43, 46). 348
Another highly abundant class within the Chloroflexi was the Anaerolineae (Table 7) , a class 349 originally described as consisting of strictly anaerobic chemo-organotrophs (33), and frequently 350 detected in subsurface environments (34-37). However, due to the scarcity of cultured 351 representatives, the metabolic capabilities of this class have remained elusive. A recent study of seven 352 single-cell genomes from deep submarine hydrothermal vent sediments indicated the presence of a 353
Wood-Ljungdahl CO2 reduction pathway, as well as a number of ABC transporters, and in one case a 354 putative reductive dehalogenase (38). In the present study, the Anaerolineae appear fairly diverse, 355 with 81% of Chloroflexi paired-end reads being assigned to four orders: the Anaerolineales and three 356 putative orders without cultured representation, envOPS12, GCA004, and SHA-20 (Table 7) . 357
358
Proteobacteria and the sulfur cycle 359
Members of the Proteobacteria phylum observed in the seepage pockmarks mainly consisted of 360 Deltaproteobacteria and Alphaproteobacteria (Table 8 ). The alphaproteobacterial fraction was fairly 361 homogeneous, consisting mostly of reads assigned to the order Rhizobacteriales, of which 77% could 362 be assigned to a single genus, Bosea, a genus of chemolithoheterotrophs noted for their ability to 363 oxidize inorganic sulfur compounds (39). The deltaproteobacterial fraction was found to be moreand the Desulfobacterales (Table 8) , both of which contain mostly, albeit not exclusively, sulfate-366 reducing organisms. 367
The Syntrophobacterales, known to be frequently associated with anoxic aquatic environments 368 (40), are significantly enriched in the SX marshland site as compared to the AEX site, perhaps 369 reflecting an influx of marshland-associated bacteria into the seepage pockmark environment. Most of 370 the Syntrophomonadales reads (77%) can be assigned to the family Syntrophaceae, which contains 371 both sulfate-reducing and non-sulfate-reducing bacteria (41). Many of the Syntrophaceae reads (59%) 372
could not be confidently assigned to genera, rendering the question of the importance of sulfate 373 reduction of this taxon in the seepage pockmarks unresolved. However, taken together with the high 374 abundance of the sulfate-reducing order Desulfobacterales, sulfate reduction is likely to be a major 375 process in the seepage pockmarks, likely supporting AOM consortia. Families within 376
Desulfobacterales have been reported to actively oxidize short and long chain alkanes and are 377 suggested to be the key alkane degraders in marine seeps (42). Furthermore, considering the high 378 abundance of the sulfur-oxidizing Bosea, we can surmise that Proteobacteria consitute an important 379 driver of sulfur cycling within the seepage pockmark microbiota. (Table 10 in supplements) and Strain OX0103 was most closely related to 391 bacteria in the genus Rahnella (Table 10 in supplements), but strains from both genera have been 392 isolated with high hydrocarbonoclastic activity in relation to the degradation of naphthalene (52, 53).
Strains OX0304 and OX0306, both assigned by EzTaxon as Pseudomonas species (Table 10 in 394 supplements), tested positive for 2,4-diphenoxy acetate degradation. Strain OX0627 was assigned as a 395 member of Dechloromonas. Isolates from that genus are capable of anaerobic oxidation of benzene 396 (30) and could possibly be used for bioremediation, as well as the isolated strains mentioned above. 397
This substantiates the significance of isolated strains presented in the study for future research in 398
Iceland, related to hydrocarbon degradation and bioremediation. 399 400
Concluding remarks 401
This study reveals natural gas seeps of biogenic origin in Öxarfjörður in addition to known 402 geothermal gas seepage pockmarks in the Jökulsá-á-Fjöllum river delta, as well as revealing the first 403 microbial community analysis of gas seepage in Iceland. Further studies are needed to demonstrate 404 the connection between the gas origin and the pockmark microbiota, establishing the need for further 405 geomicrobiological research in Icelandic natural gas seeps. The microbial communities associated 406 with the pockmarks show higher biodiversity at biogenic gas seepage than in thermogenic gas seepage 407 pockmarks, presenting diverse microbiota that consists largely of anaerobic heterotrophs. The 408 abundant taxa in the pockmarks indicate that the microbial community is most likely involved in 409 hydrocarbon degradation linked to sulfur cycling and AOM, and the abundance of Dehalococcoidia 410 suggests the presence of anaerobic reductive dehalogenation in natural gas seepage pockmarks of 411 thermogenic origin. Isolated strains from the study showed potential in degrading hydrocarbons, such 412 as naphthalene, and are pivotal for future studies in enviromental biotechnology in Iceland Samples were extracted in dichloromethane/methanol, deasphaltened in pentane, and analysed by gas chromatography. 
